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The characteristic time for the electrocoalescence of two sessile drops is identified and verified for
wide range of operating parameters such as Ohnesorge, Electrowetting number, driving frequency
and drop to surrounding medium viscosity. Elegant mechanism is devised to circumvent the repulsion
and promote the coalescence at the merging three phase contact lines of two electrospreading drops.
With the revised definition of characteristic time scale, we demonstrated the universality of the
bridge growth at the early times of coalescence for more than twenty different scenarios in triplicates.
The universal bridge growth can only be obtained with the consideration of proposed time that
considers the time to reach the maximum deformation in the drop, which is always ignored while
defining the characteristics time scale of coalescence.
PACS numbers:
One dimensional lubrication approximation is com-
monly adopted approach for theoretical analysis of the
bridge growth observed during the coalescence. The
scaling efforts are nonunanimous, the bridge growth
was reported to be linear [1, 2], squared [3] and even
cubed [4–6] for the very same sessile drop coalescence
process. With the consideration of lubrication approxi-
mation along with the Tanner’s law [4, 5] 1/3
rd
scaling is
also witnessed as observed here in the case of electrocoa-
lescence. Electrocoalescence, is the merging of two liquid
drops under the influence of an electrical field [7]. Here,
we proposed the scaling argument for the electrocoales-
cence of two spreading droplets, that can be extended
to sessile droplet coalescence scenario. The universal-
ity in the characteristic time and corresponding bridge
growth dynamics is established for wide variety of elec-
trospreading parameters along with the drop and sur-
rounding medium properties.
Drop coalescence can be from suspended droplets [8],
hanging droplets [9], and or spreading droplets [1]. More-
over, it can be in the presence or absence of electric, mag-
netic or acoustic field. The spreading drop and hanging
drop coalescence have always been surface tension dom-
inant event. Interfacial and the thermophysical proper-
ties dictate the bridge growth that is formed between
two droplets and subsequently the mass transfer rate.
The characteristic capillary velocity and time govern the
bridge growth and mass transfer dynamics [3, 8, 10].
Mass transfer rate, triggered due to capillarity, is always
constrained by the properties of systems which has been
overcome by imparting external fields. Actuation of elec-
tric field to control the rate of coalescence has always
been one of such approach but interestingly enough only
studied for suspended [11] or hanging droplets [12]. In-
ability to control over the approach speed of the three
phase contact line (TPCL), in turn the bridge growth,
might be the source for this discrepancy in the litera-
ture. The challenge of maneuvering the drop spreading
FIG. 1: Bridge growth response of two drops induced by a
single wave of electrowetting (a) Schematic of two drops on
a dielectric layer with a conductor wire at the top, where the
initial bridge height is detailed as depicted in the inset. (b)
Temporal variation in the bridge height and base diameter for
coalescing drops with a viscosity of 0.91mPa·s and separated
approximately by 2.4mm centre to centre, submitted to a
wave of 350 V at 100Hz.
velocity can be circumvented by means of electrowetting.
Here, a detailed study for a wide variety of condition for
electrocoalescence is presented and the one-third law for
bridge growth is observed for all studied cases which was
further corroborated with a scaling analysis. For electro-
coalescence of two spreading droplets, it was articulated
that the presence of similar kind of charges at the TPCL
restricts the drop coalescence at the TPCL [7, 13, 14].
A unique way was proposed to minimize this repulsion
2and obtain the coalescence closer to TPCL. As shown
in Fig. 1(a), two equilibrated sessile droplets, separated
by a finite distance (D), are forced to spread by elec-
trowetting. A device is engineered to maintain precise
separation distance D between two electrodes and the
drop volume is adjusted to assure the absence of repul-
sion at the interfaces. The engineered device can be seen
at the supplemental material Fig.S1 [15], along with its
details and geometric calculations to determine the ap-
propriate separation distance based on the drop volume.
Prior to the interactions of two TPCLs, after the actu-
ation for electrospreading, both the drops detach from
the needles and electrodes simultaneously. This not only
confirmed the equal spreading rate but assured the mass
transfer is through TPCL only. The merging of drops
along the drop-medium interfaces is meticulously avoided
by selecting the appropriate separation distance and drop
volumes. Bridge growth (h0) dynamics was captured
by a high speed camera (Nova S9) at 15,000 fps with
a spatial resolution of 10µm/pixel. A copper substrate
coated with a 20µm PDMS layer, acting as a dielectric
for the electrowetting process, is used for all the cases.
The drops consisted in aqueous solutions of glycerol and
0.1M sodium chloride. To control speed of the merging
TPCL and subsequent bridge growth dynamics, the ap-
plied voltage, frequency, and viscosity of the drop and
medium were changed.
Before the coalescence starts, the base diameter of
spreading drop momentarily attains a constant magni-
tude and eventually the bridge growth starts, refer to
Fig. 1(b). At the onset of coalescence, the bridge grows
rapidly with no change in the base diameter. As the
bridge height surpasses the initial equilibrium drop ra-
dius, the drop experiences the pull at the noncoalescing
end due to sudden flux towards the merging side of the
droplets. This results in the decrement of the base diam-
eter. Despite the oscillatory growth in the middle, the
non-coalescing ends are free from such oscillations. This
can be attributed to the pinning of the contact line and
momentum transfer through the drop and medium. The
intermittent constant base diameter phase is observed
that can be due to the hysteresis experienced by the mov-
ing TPCL.
With an additional driving and resisting force due to
applied voltage and surrounding medium, respectively,
the revised scaling argument for the bridge growth is
propped, as presented here:
h∗ ∼
(
t
1
4f + (µµ0)
1/2(Rmax −R0)/ηγ
)1/3
(1)
In Fig. 2, the bridge growth in the presence of liquids
with viscosity that varies from 0.91 to 121.1mPa · s is
presented; the similar combination of viscosities is also in-
vestigated for varied electrowetting parameters, i.e., elec-
FIG. 2: Universal response of drops to electrowetting. (a)
Universal non-dimensional bridge growth of drops following
a 1/3 power law for different voltages, viscosities, and fre-
quencies. (b) Universal time scale of electrowetting drops for
attaining the maximum spreading as a function of the fre-
quency and viscous time scale.
trowetting number (η) and frequency of applied voltage
(f). As depicted in Fig. 2(a), the nondimensionalized
temporal (t∗) variation in the bridge height (h∗) growth
is presented. Here, height is normalized with the initial
drop radius (Ro) and the characterize time, τ , is used to
obtain the nondimensional time, t∗. The τ is combina-
tion of the maximum spreading time which is a function
of the actuation time of the applied frequency (τf ) and
the modified viscous time scale (τ ′v). It is to be noted
that the interfacial tension, γ, for each scenario was in
the range of 65.6− 71.7mN/m. Experimental results of
at least fourteen cases with triplicates, denoted by sym-
bols in the Fig. 2(a), clearly follows Eq. 1, justifying the
revision proposed to the well accepted scaling argument
for droplet coalescence [4, 5].
The necessity to consider the τf + τ
′
v as a character-
3ize time (τ) is presented in Fig. 2(b). The longest time
required for the drop to attain maximum deformation,
in response to the applied perturbation, is considered as
τdrop. For a sine wave actuation, caused by AC signal,
the maximum voltage occurs at the quarter of the cycle.
In an idealistic scenario, in the absence of influence of
any thermophysical properties of drop and medium, τdrop
must be equal to 1/4f . However, the drop has a differ-
ent response time based on the system’s thermophysical
properties and this τdrop can be either inertial, viscous, or
capillary time scale [16]. The viscosity of the surrounding
medium is varied in three orders of magnitude, therefore,
viscous time scale was the first choice to be characteris-
tic time. We can contemplate that the maximum force
per unit contact length, exerted at the TPCL, is coun-
tered by a resisting offered by the viscosities of drop and
the surrounding medium [17]. Thereafter, the balance of
these two forces will lead to a characteristic velocity that
governs the motion at the TPCL between the domain
of maximum (Rmax) and minimum spread (R0) of the
drop. The resultant viscous time scale, considering the
role of surrounding medium and electro-spreading, can
be deduced as τ ′v = (µµ0)
1/2(Rmax − R0)/ηγ, where µ
and µ0 are the viscosity of the drop and the medium, re-
spectively. Due to the diffusion delay, the drop response
will always be greater than imposed actuation time, yet
it can be delayed by the different factors as noticed in
this study. If viscous time scale is considered as an addi-
tional time required to transfer the momentum, the total
response of the drop (τ) is the sum of τf and τ
′
v, and
Fig.2(b) depicts validity of this approach. The drop re-
sponse time is dominated by the actuation time of the
external force, with marginal influence from the applied
voltage and the viscosity of both drop and liquid medium.
Based on this detailed investigation, in the case of elec-
trocoalescence analysis we have utilized τ as character-
istic time for the analysis. One can argue the validity
of such a revised scaling argument without any external
actuation or surrounding medium, therefore, the scaling
law is validated for sixteen literature data set and the
details of this comparison is presented in Fig.S3 in the
supplemental material [15].
Role of external actuation: Applied electric field is the
actuation force that provokes the drops to spread and
coalesce in desired fashion. The magnitude of this actu-
ation force can be estimated based on the electrowetting
number η = ε0εdU
2/(2dγ). For a fixed dielectric con-
stant εd, dielectric thickness d, and marginally changing
surface tension γ scenario, the applied voltage character-
istics, i.e., it’s magnitude (U) and frequency (f) dictate
the bounding limit of η. The lowest possible limit that
initiated the coalescence is η = 0.26 and the contact angle
saturation [18] restricts the variation until η = 0.50. The
constrain for η in relationship with separation distance
between the drops can also be established as presented in
the Fig.S2 in supplemental material [15]. The resonance
FIG. 3: Effect of electrowetting and Ohnesorge number on
the bridge growth for drops in air separated by a distance
D/(2R0) = 1.15. (a) Electrowetting number effect on bridge
growth for applied frequency under the resonance frequency
for drops with Oh = 0.0035, and (b) Ohnesorge number effect
on bridge growth for applied frequency above the resonance
frequency for an applied wave of η = 0.5. The initial bridge
growth is presented in the inset figures.
frequency of the drop is another constrain [19, 20] for the
actauation. The first associated resonance frequency (f2)
for a water drop of 3µL is approximately f2 ≈ 40Hz.
Therefore, in order to avoid the influence due to the close-
ness to the resonance frequency, the bridge growth was
studied for two applied frequencies (15Hz and 100Hz),
which are under and above the resonance frequency, re-
spectively. With these bounding limits for operating elec-
trocoalescence, the validity of the Eq. 1 is also presented
for varied η and Oh in Fig. 3.
The oscillatory behaviour in the bridge growth for both
the frequencies is noticed in every case except for very
high viscous drops scenario (Oh = 0.438) as depicted in
Fig. 3. For the brevity purpose, the variations in η and
Oh is presented for below and above the resonance fre-
quency, respectively. Observations for frequencies above
4the resonance frequency with varied η is similar to the
Fig.3(a) and in the case of Oh, the bridge growth be-
haviour is also independent of frequency. One-third scal-
ing argument presented in Eq. 1 remains valid for these
cases as well. Thus, one can argue that the proposed
modifications that accounts actuation characteristics and
surrounding parameters are paramount to get the appro-
priate scaling law. The initial bridge growth, until it
attains the first maxima, follows the universality irre-
spective of operating parameters, i.e., for η, Oh, and f .
Coalescing and oscillatory motions are dependent on
the operating parameters. Since η is the driving force
that dictates the maximum spread, at lower η, the higher
velocity is evident that resulted in long lasting momen-
tum in decayed oscillatory bridge growth. Interestingly,
the oscillatory behaviour in the bridge growth resembles
the inertial oscillatory motion [21]. At certain growth
rate, the induced force at the TPCL during the coales-
cence is sufficient to overcome the adhesion due to the
contact angle hysteresis and to slip the TPCL. This slip
is the indication of a change in the base diameter, as de-
tailed in Fig.1(b). One can completely eliminate this slip-
stick motion by performing experiments on a substrate
without contact angle hysteresis, but it is challenging in
air medium. Nevertheless, one can argue that if the ac-
tuation frequency is kept high enough, to ascertain the
higher force at TPCL to overcome this hysteresis. By
modifying the viscosity of the drops, one can study the
role of Oh. Higher Oh implies a stronger effect of the
viscous forces that decelerates the bridge growth [1, 2].
Also, the increment of Oh implies a lower spreading ve-
locity and longer time required for the drop to respond to
the external actuation force and to restructure. Hence,
this delay will prompt smaller perturbations in the drop
during the coalescence as observed in Fig.3(b). The even-
tuality of the oscillatory motion and the magnitude of the
maximum bridge height becomes less pronounced as Oh
is increased. The change in the magnitude of the bridge
height and the frequency of oscillatory motion is associ-
ated to the underdamped regime, in which the drop os-
cillates and the magnitude of these oscillations decay ex-
ponentially over time [22]. The deformation of the drops
in the overdamped regime did not show capillary waves,
and the time to reach the maximum bridge height was
delayed [23]. An additional effect is witnessed for high
Oh, where the base diameter of both drops was com-
pletely pinned during the coalescence time. Thus, the
base diameter of the newly formed drop is larger with
lower equilibrium height.
In the context of drop coalescence with controlled
external force like electrowetting, magnetowetting, and
acoustic-wetting, it is paramount to include the necessary
operating parameters in the scaling analysis which can
obey the experimentally observed coalescing behaviour.
We demonstrated for air and liquid medium droplet
spreading due to AC electrowetting, the frequency of
the applied actuation is key parameter in characteris-
tic time. And finally, with the appropriate definition of
the characteristic time scale, the universal response in
the bridge growth of two electro-colescing droplets is ob-
served, which follows a 1/3rd power law.
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